INTRODUCTION ■
This document is the Final Report for Navy Contract N00014-85-K-0215.
Since this also represents the termination of ONR support of our Yale
Research (we hope for only a modest period), I have included some background information that reviews the history of our ONR support beginning in 1972.
Reference is made to the Summary Report written on the preceding contract, N00014-76-C-0527, which covered the period of November 1975 -1
May 1982. The present report discusses our major research focuses, key personnel, and publications since that period of time. A complete personnel history and publications list for ONR supported research is provided in Appendices I and II.
SMALL SCALE SCIENCE
With much attention being paid to BIG SCIENCE' (URI's, NSF Centers, Supercomputers, and SSC's), it is a tribute to ONR that it has undergirded a major part of small scale, basic research. Sustained support at modest amounts for large numbers of Principal Investigators must remain the backbone of any federal research program if we are to produce the scientific/technological results and human resources necessary for our country to move ahead in an interdependent world. The buying power of federal money has probably declined, not only because of inflation but also because of the growing Indirect Cost rates that Universities have negotiated with the Federal Government. (Hopefully these trends will reverse.)
Thus, a rough analysis shows that over the 15 years of support at a total of about $750K, the dollar value (in purchasing power) of ONR support for our work has gradually declined. Nevertheless, university researchers (faculty and students) are used to adjusting to these circumstances.
Our accomplishments, outlined below, and the comprehensive bibliography attest to the quality and productivity of our work under ONR support. : 1985-1988 We have emphasized four research topics in the past three years. Each has been described in early Progress Reports, and is summarized briefly below.
PRIMARY RESEARCH FOCUSES
The last three projects have been supported primarily by the National Institute of Health, with ONR's contribution being directed primarily on the methodology, and less on the medical applications. Progress Thus Far: Our progress thus far has been both experimental and theoretical.
Interfacial Characterization of Surfaces in the Presence of Surfactants
On the experimental front we have sought to measure micron-scale cavitation in three ways: 1) sonoluminescence; 2) passive scattering and listening, and 3) active cavitation detection (ACD).
Since results for the first two have been reported in the literature, what follows is a review of our novel ACD technique.
The Active Cavitation Detector (ACD) makes use of high frequency scattered sound waves as an indicator of microbubble activity. We use a lightly focused, narrow band ultrasonic transducer operating in a pulse-echo mode (see Fig. 1 ). This "detector" transducer, which produces low level acoustic tone bursts, is positioned confocally relative to the "cavitation" transucer. The high frequency (30 MHz center frequency) detector pulse is synchronized with the lower frequency cavitation pulse in order to insure tha,t the two pulses overlap temporally in the confocal region. If a cavitation event occurs, the bubble will scatter a significant portion of the ACD pulse, which will be detected in the backscattered direction. Prior work suggests that this active scattering system is sensitive enough to detect individual human red blood cells suspended in isotonic saline.
A 1 um diameter gas bubble in water has a scattering cross section which is 425 times larger than that of a typical red blood cell.
Needless to say, the ACD is sensitive enough to detect individual microbubbles, which makes it one of the most sensitive cavitation detectors in existence today. / In our preliminary experiments we compared the sensitivity of the present embodiment of the ACD with that of a more traditional technique which utilizes a passive acoustic detector which "listens" for lower frequency scattering from cavitating bubbles. Using a 50 ysec long, 750 KHz center frequency cavitation pulse and a 10 usec long ACD pulse, we initially set the relative synchronization of the two pulses so that they overlapped in the first 10 usec of the cavitation pulse. While simultaneously monitoring the outputs of the two detectors, we measured the cavitation threshold in relatively clean, degassed water. Next, we increased the delay of the detector pulse relative to the cavitation pulse so that the two pulses overlapped in the second 10 usec of the cavitation tone burst, and repeated the threshold measurement. By incrementally increasing the delay in this manner, we were able to scan the entire cavitation pulse.
ACD Electronics

Signal Generation Electronics
The results of this "proof of principle" experiment are given in As outlined in our earlier reports, an acoustic interferometric technique is employed to measure the small changes in sound speed which occur as pressure is changed in the substance to be measured. Our system is distinct from that of other researchers in that we make rapid adiabatic pressure changes as small as one atmosphere. In addition, we use pulsed ultrasound to avoid standing wave effects, making it suitable for both lossy and not-so-lossy materials, and our system requires no temperature ramping. Because our data collection procedure is computer-controlled and each measurement takes only a few seconds, it is possible for us to make thousands of independent measurements of B/A and perform statistics on the ensemble to infer the true B/A value (see accompanying Figure 2 ). The resulting mean values of the nonlinearity parameter, made on a wide range of substances, are as accurate or more accurate than those in existing published data.
This high level of accuracy is necessary in order to allow us to study quantitatively our tissue composition methodology, compare it with other such models, and to improve it with a view toward its use in in vivo imaging. .05
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Figure 2: Data and Statistical Measures for B/A Experiments
In the past year the apparatus has been fully automated, the temperature stability and monitoring have been improved, and the electronics redesigned to yield more consistent measurements (see apparatus Figure 2 ). Because we will soon be analyzing protein and lipid suspensions of precisely controlled molecular structure, our measurement cell has been modified to accept small quantities ( In the coming year we will complete our analysis of the existing mixture models by testing their ability to predict the components of many different kinds of mixtures. We hope to be able to extend our theory to allow us to resolve differences between similar tissues (e.g. cancerous and non-cancerous tissue). We will then begin making measurements on tissues of this type, as well as on pure materials whose material properties (density, sound velocity, B/A) are not well-characterized. Finally, by performing a detailed study of mixture properties with concentration and temperature, we hope to gain insights into the molecular structure of the various mixtures. An experiment was first run to assess the feasibility of using polystyrene polymer microspheres to calibrate the instrument. A second study was performed on the buffy coat harvested from whole human blood. Finally, Chinese hamster ovary cells which were subject to hyperthermia treatment were studied in order to see if the instrument could detect heat induced membrane blebbing (blistering).
In these experiments, we demonstrated the utility of the instrument for isolating subgroups in a mixed population. This suggests that the acoustic scattering apparatus would be well suited to applications involving selective operations, such as particle sorting or counting. Because the demodulated acoustic signals are available in real time, it is possible to use acoustic information to provide a sorting criterion.
A distinct disadvantage of our acoustic apparatus is that there are two independent bits of information available from our experiments, but there are three unknowns (volume, density, and compressibility) in the theory (assuming that the wavelength is sufficiently long and the scatterer is sufficiently weak so that 1^ shape is not a factor). This fact leaves us in the dilemma of not being able to determine physical properties without a priori information.
Our most recent work is devoted primarily to Incorporating a particle volume sensing device into the acoustic scattering system in order to overcome the above-mentioned problem.
We have built and tested our own Coulter-type sensing orifice. From the raw data obtained with our new apparatus we should be able to calculate density, and compressibility for each cell passing through the system.
(This data was taken on Oct. 22, 1987, and has not been evaluated in detail for quantitative information.) I Fig. 3 Histograms of the 90° scattered signals forpolyscyrenc microspheres in water. The horizootal axis corresponds to the cube root of the scattered sigmd amplitude, which for polystyrene is proportional to size. 1977 11 weeks, 1985 1979 -present 
